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THE LANGLEY 16-FOOT TRANSONIC TUNNEL 
The Langley 16-Foot 'i,,dnsonic Tunnel i s  a sing1 e-return, cont i  nuous-fl ow, 
atmospheric tunnel which uses a i r  exchange f o r  cyoling. The tunnel speed i s  
continuously vaciable from Mack 0 t o  1.30. The t e s t  sect ion i s  a regular  
octagon i n  cross-section w i th  s lo t s  at the corners of the octagon. The laser  
velocimetcr optics, laser, photomul t ip l iers,  etc. are mounted i n  the t e s t  
sect ion plenum chamber which surrounds the tes t  section. The tes t  volbme i s  
approximately a 1-meter cube about the tunnel center l i n e  centered on tunnel 
s ta t i on  40.84 meters. The seeding system p a r t i c l e  generators are mounted on 
the upstream side o f  the four th  set o f  tu rn ing  vanes approximately 49 meters 
upstream o f  the t e s t  volume. A t  t h i s  po in t  the iunnel has a diameter o f  17.68 
meters which meant tha t  i n s t a l l a t i o n  o f  the gsnerators was a d i f f l c u l t  
pracedure. It a igh t  be noted tha t  p a r t i c l e  generation had t o  be continuous as 









SECTION TI+?~%GH STA. 33.53 
(LOOKING DOWNSTREAII) 
ORIGINAL FAC? IS 
OF POOR QUALITY 
SCHEMATIC OF THE LANGLEY 16-FOOT TRANSONIC TUNNEL LASER VELOCIMETER 
l n i s  i s  a schemstic of the laser  velocimeter system as i t  i s  i n s t a l l e d  i n  
the tes t  section plenum chamber. The plenum chamber i s  a 9.75 meter diameter 
cy l inder  which surrounds the t e s t  section. The laser  and opt lcs  etc. r i d e  on 
a scan p lat form which allows -uement i~ two di rect ions:  v e r t i c a l l y  and 
hor izonta l ly .  The capab i i i t y  of scanning the sample volume across the tunnel 
i s  provided by a zoom lens system. Unfortunately, the plenum chamber i s  not 
the most hospitable loca t ion  f o r  the i n s t a l l a t i o n  of the d e l l t a t e  opt ics and 
e l e ~ t r o n i c s .  Tne ambient noise leve l  has been measured t o  be i n  excess o f  1-50 
.dB a t  some Yach numbers and the g levc? has exceeded 10. The scan p lat form 
i s  current ly  being r e b u i l t  t o  compensate f o r  the harsh environment. 
OR~GINAL pAGC- IS 
OF POOR  QUA^^' LASER VELOC IMETER CALIBRATION MODEL 
I n  opder t o  assess the  performance of the  l ase r  velocimeter system 
( i nc l ud ing  seeding) i t  i s  desi r ab le  t o  experimental l y  t e s t  a  con f i gu ra t i on  
which can be r e a d i l y  computed ( t o  provide a standard) and which presents a  
s t r i l lgent  t e s t  o f  the l ase r  ve loc imeter 's  capabi: i t i e s .  The con f i gu ra t i on  
which has been used since the  proof o f  concept t e s t s  which were done i n  1975 
i s  a hemisphere-cyl i nde r  modei . This model i s  simple enough t h a t  i t s  flow can 
be computed re l i ab l y ,  but  the stagnat ing stream-l ine presents a  severe t e s t  of 
the laser  velocimeter and the c a p a b i l i t y  o f  the seeding system t o  d e l i v e r  
small enough p z r t i c l e s  t h a t  the l a g  problem does not i n v a l i d c t e  the data. 
PROOF UF CONCEPT TEST PARTICLE GENERATOR 
This i s  a sketch o f  the  p a r t i c l e  generator used i n  the proof  o f  concept 
t e s t  i n  1975. It i s  described i n  d e t a i l  i n  reference 1. This generator was 
designa' t o  c t s l i z e  a l i q u i d  seed mater ia l .  For the  1975 t e s t  a mineral  base 
l u b r i c a t i n g  o i l  o f  v i scos i t y  index SAE 10 was used because o f  concerns about 
flamnabi l i t y  and heal t k  aspects. Unfortunately,  the p a r t i c l e  s ize  produced by 
these generators was extremely iarge. This problem w i l l  be addressed i n  the 
f o l l ow ing  f igures,  I n  adai t ion,  the tunnel became coated w i t h  the o i l ,  a 
technic ian f e l l  and broke h i s  arm, and i t  requi red i n  excess o f  $25,000 t o  
clean the tunnel. 
TUNNEL A IR FLOW - 
OUTER OR IFIC.C7 
TUKXEL TURN ING 
VANE 
PROOF OF CONCEPT TEST DATA 
I n  the proof of concept t e s t  the  hemisphere-cyl inder s t a g n a ~ i n g  
streamline was surveyed a t  Mach numbers from 0.2 t o  0.8. As can be seen from 
the f igure,  the l 3se r  velocimeter data does not agree very we l l  w i t h  t h e  
pred ic ted f low ve loc i t y ,  espec ia l l y  a t  the h igher  Mach numbers and near the 
stagnat ion po in t .  This I z e d i s t e l y  po in ts  t z  5 part!c!e which i s  too  l a r g e  
and whose i n e r t i a  i s  such t h a t  the  p a r t i c l e  w i l l  no t  fo l l ow t he  s t r ong l y  
decelerat ing s tagnat ion stream1 ine. The proof of concept t e s t  i s  documented 
more f u l l y  i n  reference 2. 
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DISTANCE ALONG STAGNATING STREAMLINE, x/D 
PROOF OF CONCEPT PARTICLE SIZE ANALYSIS 
The s ize  o f  the  p a r t i c l e s  produced i n  the  proof of concept t e s t  was 
analyzed using a procedure which p red i c t s  the  l a g  of a given part ic!e. The 
predic ted stagnat ion streamline v e l o c i t y  data was adjusted for  a v a r i e t y  o f  
p a r t i c l e  s izes and the r e s u l t s  compared w i t h  the  measured l ase r  velocimeter 
data f o r  a Mach number of 0.6. As can be seen, the  p a r t i c l e s  produced by t h e  
p a r t i c l e  yenerator were a t  l e a s t  25 microns o r  l a rge r ,  Obviously, f o r  a 
successful l a s e r  velocimeter system the  p a r t i c l e s  would have t o  be much 
smal ler than 10 microns. 
VELOC l TY 
(m/s' I 350 
10 m i c r o n  PARTICLE TRAJECTORY 
15 m i c r o n  PAiiTlCLE TRAJECTORY 
20 m i c r o n  PP.XTICLE TRAJECTORY 
25 m i c r o n  PARTICLE TRAJECTORY --/ 
PREDICTED GAS VELOC ITY-/ \I 
PREDICTED LAG OF A ONE MICRON PARTICLE 
I n  order t o  determine the necessary s ize  f o r  the  product ion l a s e r  
velocimeter system the  p a r t i c l e  analys is  procedure was ca r r i ed  t o  p a r t i c l e s  of 
one micron i n  size. As can be seen, a one micron p a r t i c l e  w i l l  f o l l ow  the  
stagnat ion streamline f l ow  q u i t e  we l l .  This became the goal f o r  f u r t h e r  
research i n  the generation o f  p a r t i c l e s .  I n  addi t ion,  i t  was determined t h a t  
the seeding mater ia l  had t o  be v o l a t i l e  enough not t o  accumulate on the wa l l s  
o f  the tunnel but not v o l a t i l e  encugh t o  present a s i g n i f i c a n t  exp los ion 
hazard. 
COMPUTED LAG OF A ONE-MICRON PARTICLE IN 
HEMISPHERE FLOW FIELD 
PREDICTED GAS VELOC!TY 




DISTANCE ALONG STAGNATING STRE.4ULINE, x/Dm 
PARTICLE GENERATOR DEVELOPMENT ORIGINAL PACE IS 
OF POOR QUALITY 
Short ly af ter  the decision t o  develop a production laser  velocimetry 
capabi 1 i t y  for the 16-Foot Transonic Tunnel and the necessary seedl ng system 
t o  produce sign1 f i can t  quant i t ies  o f  one micron p a r t i c l e s  was made the only  
person a t  Largley who knew anything about p a r t i c l e  generation, Mr. Wi l l iam V. 
Fel ler ,  ret i red.  ' Fortunately, we were able t o  h i  re  Mr. F e l l e r  under contract  
t o  continue h i s  research on p a r t i c l e  generation. -This i s  a photograph o f  h i s  
research set-up i n  a corner o f  the 16-Foot S ta t i c  Test F a c i l i t y .  Here one can 
see a prototype generator set-up blawing i n t o  a sampling tube which leads t o  a 
Royco p a r t i c l e  s ize analyzer. The pedestal fan surrounded by the cardboard i s  
a ducted fan t o  generate a wind tunnel e f fec t .  With t h i s  apparatus Mr. F e l l e r  
was able t o  develop a prototype generator which d i d  produce one micron 
par t ic les.  
PROTOTYPE SEED I NG GENERATOR ORIGINAL PAGE IS OF POOR QUALITY 
This i s  a close-up photograph o f  the prototype seeding generator 
developed by Mr. Fel ler .  The basic design consists ~f a two-dimensional a i r  
nozzle with the tube carry ing the seed material  centered i n  it. The tube 
carry ing the seed material  has been f la t tened a t  i t s  end t o  another two- 
dimensional nozzle wi th a th roa t  height o f  approximately 0.008 cm. I n  
operation, a i r  i s  exhausted through the a i r  nozzle, the lowered s t a t i c  
pressure a t  the a i r  nozzle th roa t  draws the l i q u i d  seed material  tllrough the 
I supply tube, and the t h i n  j e t  o f  seed material  i s  then broken up i n t o  small 
droplets of the desired size. Kerosene was picked as the seed material  fo r  
t t h i s  generator as i t  has su f f i c len t  v o l a t i l i t y  t o  ensure tha t  there would be 
no accumulation on the tannel wal ls  and for the amount t ha t  would be 
introduced i n t o  the tunnel there would be no f i r e  or explosion hazard. The 
Royco p a r t i c l e  s ize  analyzer ind icated tha t  t h i s  generator design produced a 
d i s t r i b u t i o n  o f  p a r t i c l e s  over a range o f  sizes from below one micron t o  no 
larger  than three microns. 
PRODUCTION SEEDING GENERATOR DESIGN 
This i s  a cross sec t ion  o f  t he  f i n a l  seeding generator design. It i s  a 
scaled up vers ion of the prototyoe. It was constructe, of b r ~ s s  ins tead o f  
tne p l ex i g l ass  o f  t he  prototype. The seed mate r ia l  nozzle t h r o a t  he ight  kas 
kept t o  approximately 0.008 cm. The number o f  p a r t i c i e s  generated can be 
regulated by the needle valve which con t ro l s  the  amount of seed mate r ia l  
al lowed t o  pass ,- through t he  generator. 
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SEEDING GENERATOR ASSEMBLY 
Th is  i s  a  sketch o f  an i n d i v i d u a l  seeding generator  assembly. It 
c o n s i s t s  o f  a  s i n g l e  generator  and a l o c a l  r e s e r v o i r  f o r  t h e  l i q u i d  seed 
m a t e r i a l .  When mounted i n  t h e  tunnel  t h e  l o c a l  r e s e r v o i r  i s  f e d  by g r a v i t y  
from a tank mounted on t h e  tunnel  t u r n i n g  vanes above t h e  generator  a r r a y s .  
Local Rese 
ORic;;,' ,i- 1 7 -  4 3 ' 2 . ;  % -  873 . 
SEEDING GENERATOR ARRAY 0~ POOR Q U A L I ~  
This i s  a photograph o f  an ear ly  version o f  one o f  the generator arrays 
which are mounted on the tunnel turn ing vanes. I n  t h i s  photograph only two 
generators are mountzd on the l oca l  reservoirs.  I n  the production seeding 
system there are two o f  these l i n e a r  arrays o f  ten generators each mounted on 
the turn ing vanes. The arrays are spaced 2.03 meters apart w i th  o:~e plane 
1.53 meters above the tunnel center l ine  and the second 0.2 m t e r s  below the 
tunnel centerl ine. The generator. are spaced 0.46 meters apart on the 
streamline tubing support which also serves as a par t  of the overflow and 
dra in system f o r  the l i q u i d  seed material .  The arrays were mounted on the 
tu rn ing  vanes i n  such a manner tha t  when facing upstream s i x  generators were 
t o  the l e f t  o f  the tunnel center l ine, three t o  the r i g h t  o f  the center l ine,  
and one on the center l ine. Since the tunnel f low contains some sw i r l  i t  i s  
impossi b l e  t o  determine beforehand exact ly which generator w i  11 be required t o  
seed a given area o f  the t e s t  section. The generators are contro l  l e d  i n  pa i rs  
from the control  room by solenoid valves which regulate the a i r  supplied t o  
the generators. Choice o f  the generators i n  use was based on ./ isual 
observation o f  the seed material  passing through the laser  beams and the data 
r a t e  measurements. 
ORIGIT'JA!, f',;:: : : .. 
SEEDING SYSTEM INSTALLATION OF POOR Q U A i l r Y  
This i s  a photograph looking downstream a t  the  tu rn ing  vane l o c a t i o n  
where the generator arrays are  mounted (during the i n s t a l l a t i o n  process). The 
tunnel a t  t h i s  loca t ion  i s  17.68 meters i n  diameter and the  i n s t a l l a t i o n  was a 
considerable task.  
PARTICLi SIZE DISTRIBUTION 
A f t e r  t h e  s e d i n g  genera tor  system was i n s t a l  l e d  tho h~!!c:ho?a-cy! !nrler 
model was i n s t a l l e d  i n  the  tunne l  and l a s e r  ve ioc imeter  data  were taken. 
Un fo r tuna te l y ,  these data  i nd lca ted  t h a t  t h e  p a r t i c l e  s i z e  reach ing t h e  t e s t  
s e c t i o n  was cons ide rab ly  l a r g e r  than t h e  one micron d e s i r e d  s i z e  (which had 
been v e r i f  led by t h e  Royco p a r t i c l e  s i z e  a n a l j z e r ) .  A number o f  t h e o r i e s  were 
advanced t o  t r y  t o  e x p l a i n  t h i s  phenomenon bu t  none was r e a l l y  
s a t i s f a c t o r y .  A t  t h i s  p o i n t  Mr .  Cec i l  N icho ls  became invo lved .  He 
i n v e s t i g a t e d  t h e  p a r t i c l e  genera tors  w i t h  t h e  TSI aerodynamic p a r t i c l e  
s i ze r .  Th is  f i g u r e  shows t h e  r e s u l t s  o f  , i z i ng  kerosene p a r t i c l e s  f rom t h e  
generators.  As can be seen, t h e  s i z e  d i s t r i b u t i o n  goes as h igh  as t e n  
microns. Th is  i s  unacceptable. Ev iden t l y ,  t h e  o p t i c a l  p a r t i c l e  s i z e  (which 
I s  what i s  measured by the  Roycc s i z e r )  i s  no t  t h e  same as t h e  aerodynamic 
p a r t i c l e  s i z e  (which i s  what i s  measured by t h e  TSI s i z e r ) .  The aerodynamic 
s i z e  i s  t h e  s i z e  which i s  a p p l i c a b l e  t o  t h e  p a r t i c l e  f l o w  f o l l o w i n g  
c a p a b i l i t y .  As a r e s u l t  i t  was decided t o  i n v e s t i g a t e  o t h e r  seeding 
mater i  a1 s. 
TSI AERODYNbHIC PARTICLE SIZER 
SA KEROSENE 
SAMPLZ 4 l  1 DATE: 2 / 2 8 / 8 4  SAMPLE TIME: 20 S E C  
DIL. RATIO: 1 : l  EFFIC. CORRECT.: NONE DENSITY. 1 
NUMBER CONC US PARTICLE S I Z E  
EXP- 2 S.1.- 20 
AERODYNFIMXC DIAMETER CHl~:Pl )METERS> 
KEROSENE-ALCOHOL MIXTURES 
A t  t h i s  po in t  ; t ime Mr.  Nichols was i n v e s t i g a t i n g  the use o f  Kao l in  
p a r t i c l e s  suspendet I n  e thy l  a lcohol  as a  seed mate r ia l .  It was decided t o  
i nves t i ga te  the use o f  t h i s  m ix tu re  i n  the e x i s t i n g  generators i n  t h e  
tr i ne l  . However, since the l o c a l  generator reservo i  r s ,  tanks, pur2s e tc .  were 
f u l l  o f  kerosene i t  was decided t o  do some add i t i ona l  i nves t iga t - ion  of o ther  
seeding mix iures dur ing the t r a n s i t i o n  from kerosene t o  a;coho! . Various 
combinations o f  a lcohol  and kerosene were t r i e d  and the  resu7 t s  are documentzd 
i n  the next three f igures.  Use o f  a  50% kerosene - 50% alcohol  m ix tu re  
resu l ted  i n  a  s h i f t  downward i n  the  p a r t i c l e  s:ze but  the re  were s t i l l  t oo  
many la rge  p a r t i c l e s .  S im i l a r l y ,  25% kerosene - 75% alcohol  and 10% kerosene 
- 90% alcohol  resu l ted  i,, f l i r t he r  s h i f t s  i n  the p a r t i c l e  s i ze  d i s t r i b u t i o n  
tqward the smal ler  pa r t i c l es :  however, the re  were s t i l l  too many la rge  
p a r t i c l e s  f o r  acceptable performance. 
TSI AERODYNAMIC PARTICLE SIZEE 
SOSKEROSENE-SOW ETOH 
SAMPLE I 1 D A T E . 2 1 2 8 1 8 4  S A M P L E  TIME: 2 0  SEC 
D:L. RATIO. 1 . 1  EFFIC. CORRECT. NONE DENSITY 1 
NUMBER CONC US P A R T I C L E  SIZE 
EXP- 2 C T -  28 
TSI AERODYNAM!C PARTICLE SIZER 
25% KEROSENE-75% ETOH 
L SAMPLE # 1 DATE. 2 / 2 8 / 0 4  SAMPLE T I M E :  20 SEC DENSITY. 1 
D I Z .  RATIO' 1:l EFFIC. CORRECT.: NONE 
NUtlEER CONC US PARTICLE SIZE 
, , EXP= 2 s . T .  - 2 0 ,  
TSI AEROSYNAMIC PkRTICLE SIZE9 
1 G% K E R O S Z F E -  9 O W  ETOH 
SAMFL9 h 1 DATE. 2 / 2 8 / 8 4  SAM?', . T I P i i :  2!! SEC DENSITY. 1 
E l r .  -.ATIO: 1 : l  EFFIC. CORRECT . NONL 
ALCOHOL - KAOLIN SEEDING MIXTURE 
A f t e r  t r a n s i t i o n i n g  t o  pure alcohol  i n  the  seedins system, Kao l in  
p a r t i c i e s  were mixad i n  t he  a lcchol .  Th is  l a s t  f i gu re  i s  taken from t h e  
paper by 3.  F. Meyers ( r e f .  3) and shows the p a r t i c l e  s i ze  d i s t r i b u t i o n  
r e s u l t i n g  from the  generators us ing the  Kaolf n  - a icohol  mixture.  This 
d i s t r i b u t i o n ,  whi le  not ~onod i spe rse  a t  one micron, does g i ve  a  s a t i s f a c t o r y  
d i s t r i b u t i o n  u n t i l  such t ime as monodisperse one micron p a r t i c l e s  can be 
obtz!ned i n  l a rge  q u a n t i t i e s  a t  reasoneble cost .  I t a l s a  might be noted t h a t  
the re  was some concern t h a t  the  Kaol in  p a r t i c l e s  might c log  up the  seed 
nozzles s ince the s l i t  i s  so narrow; however, t o  date t h i s  has not occurred. 
a 1 2 3 5 
a) Particle Size Distribution 
i 2 3 4 5 
b) LV Sensitivity Functlon 
i 2 3 4 5 
PAfl1:UE SIZE (ricrons) 
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